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There have been recent reports of transmission-ratio distortion (TRD) or segregation distortion in families not
selected for genetic disease. If TRD exists but is ignored, linkage studies searching for disease genes in affected
relatives may be misinterpreted. We show that the identical-by-descent sharing patterns for affected sib pairs are
strongly affected by TRD and, further, that the estimated statistical signiﬁcance of a sib-pair linkage study may be
extremely biased. However, we also show that, if TRD is suspected during the planning stage of a study, the planned
sample size of the study needs to be increased by only a small amount to maintain the desired power.
Naumova et al. (1998) have suggested the existence, in
Centre d’E´tude du Polymorphisme Humain (CEPH)
families that are not selected for genetic disease, of an
X-linked locus at which there is increased probability of
transmission of the grandpaternal allele, through the
mother to a male child. In 62% of transmissions, the
grandpaternal X-chromosome allele, rather than the
grandmaternal allele, was transmitted to the males.
Transmission-ratio distortion (TRD) has also been ob-
served at several autosomal loci in mice and humans
(e.g., see Herrmann et al. 1999; Paterson and Petronis
1999; Paterson et al. 1999; Pardo-Manuel de Villena et
al. 2000). Autosomal TRD in humans has been ob-
served, by Eaves et al. (1999), at the INS-IGF2 VNTR,
although in this case a speciﬁc allele is preferentially
transmitted, and these authors have pointed out that
TRD will alter the statistical signiﬁcance of allele sharing
in linkage studies of affected sib pairs. Excess allele shar-
ing in affected sib pairs may indicate not a shared disease
susceptibility but, rather, sharing due to deviation from
Mendelian inheritance patterns.
We can evaluate the impact of X-linked TRD, such
as that observed by Naumova et al. (1998), on the ex-
pected allele sharing between pairs of male sibs affected
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with the same disease. It is a function of the biased
probability of allele transmission and the disease risk
associated with the locus under study. Let t be the prob-
ability that the grandpaternal (the mother’s father’s) al-
lele on the X chromosome is transmitted to a male child.
Under Mendelian inheritance, . In the presence oft = .5
TRD, the probability that two male sibs share a gene
identical by descent (IBD) on the X chromosome is
. The expected allele sharing2 2P(IBD = 1) = t  (1 t)
between affected male sibs, for a locus on the X chro-
mosome, can be expressed as a function of the increased
risk of disease to a brother of an affected proband (Risch
1990b; Hallmeyer et al. 1996). Assume that a disease
gene is linked, with a recombination fraction of 0, to
the marker under study and that there is linkage equi-
librium. Let z1 be the proportion of brother pairs who
are expected to share an X-linked allele IBD, given that
both are affected with the same disease. Then, z =1
, where lXS is the locus-speciﬁc rel-1 {[2t(1 t)] /l }XS
ative risk of disease for a male sib. Figure 1 shows values
of the expected allele sharing for affected brothers (z1),
as a function of t and lXS. Even when the locus has no
effect on disease risk ( ), the expected allele shar-l = 1XS
ing will, in the presence of TRD, be biased away from
.5. If but , the expected sharing increasesl = 1 t = .62XS
to .53. Similarly, an observed sharing of couldz = .601
correspond to a locus conferring an excess risk of
or to a locus that undergoes distortion (l = 1.28 t =XS
) but that has no effect on disease risk. Hence, un-.72
known TRD can lead to incorrect inferences in sib-pair
linkage studies.
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Figure 1 Contours of z1 at an X-linked locus for affected brother
pairs, as a function of the transmission ratio parameter, t, and lXS.
Figure 2 Inﬂation of signiﬁcance levels when TRD is ignored,
as a function of the lXS, the number of affected brother pairs, N, and
the transmission ratio parameter t. Vertical axis is of the ratiolog10
of the true P value (which takes TRD into account) to the P value
that assumes no TRD ( ). t is shown only in the range .5–.7, tot = .5
magnify the scale of the vertical axis.
Tests for linkage can be modiﬁed to take TRD into
account. A simple test for X linkage in an affected-sib-
pair study compares z1 with the value expected when
there is no linkage. Under the assumption of the normal
approximation to the binomial, ﬁgure 2 shows that the
estimated signiﬁcance can be drastically biased if TRD
is ignored. (There will usually be sufﬁcient sib pairs in
a linkage study that the normal approximation is ade-
quate.) The ratio of the P value under the correct model
to the P value that ignores TRD is shown as a function
of t, sample size N, and lXS, and the ratio increases
rapidly with t and N. For 30 brother pairs, if t = .62
and , the true P value will be 2.6 times larger thanl = 2
a reported P value that ignores TRD. When ,N = 100
the ratio rises to 19.1.
For sib pairs with type 1 diabetes and a DR3/DRX
genotype (where DRX is not DR4) at the MHC locus,
Cucca et al. (1998) observed excess allele sharing at
DXS1068, which is the same marker observed, by Nau-
mova et al. (1998), as showing TRD in CEPH families.
The diabetic brother pairs showed the most sharing (ob-
served allele sharing ; Cucca et al. 1998). In thezˆ = .741
absence of TRD, such allele sharing would be consistent
with an excess risk of diabetes, . On the otherl =∼ 1.9XS
hand, if , then this amount of sharing is com-t = .62
patible with a locus conferring a risk of 1.8. Although
the change in lXS is small, the statistical signiﬁcance of
such a pattern of sharing would have been overstated.
Cucca et al. (1998) do not give the number of brother
pairs, but, if it is assumed that 25% of the 97 sib pairs
are of this type (a conservative estimate, given the excess
of male diabetics in the sample), then the estimated P
value would be .0142 for , versus a P value oft = .62
.00677 in the absence of TRD ( ).t = .5
For a chosen value of lXS, it can be seen, in ﬁgure 1,
that the allele sharing changes slowly with TRD up to
moderate values of t (i.e. , !.7). For example, for a locus
conferring a twofold risk, z1 will only increase from
75%, in the absence of TRD, to 76.4%, when .t = .62
In fact, TRD has only a moderate effect on the power
of a linkage study designed to detect a locus with a ﬁxed
value of lXS.
The power to detect linkage, by use of large sample
approximations for the binomial distribution, can be
expressed as
c Var (z ) E (z ) E (z )a 0 1 0 1 A 1
1 b = P Z 1[ ]Var (z )A 1
2 [l c 2t(1 t)(1 2t 2t ) 2 n(1 l )t(1 t)]XS a XS
= P Z 1 ,{ }2t(1 t)[l  2t(1 t)]XS
(1)
where Z is a standard normal random variable and
where the subscripts 0 and A refer to expectations taken
in the presence of TRD, under the null hypothesis of no
linkage and the alternative hypothesis of linkage, re-
spectively. The quantity ca is the upper quantile of the
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Figure 3 Contours of expected power, , for tests of X-1 b
chromosome linkage that use N affected brother pairs (see eq. [1]).
Type I error .a = .05
Figure 4 Contours of expected allele sharing, , forz = z  z /2avg 2 1
affected sib pairs, for an autosomal gene without sex-speciﬁc effects,
under a model with no dominance variance.
normal distribution associated with a type I error of a
for a one-tailed test, and b is the type II–error rate.
Figure 3 shows power contours for linkage tests based
on affected brother pairs, and it can be seen that power
decreases as TRD increases, for a ﬁxed value of lXS.
However, the power loss is small except for large values
of TRD. For a sample of 30 affected brother pairs, for
example, the power to detect a locus conferring a risk
of 2.0 when is 187%; however, if , thent ≤ .62 t ≥ .75
the power drops rapidly. Equation (1) can be easily in-
verted, to estimate the required sample size for a sib-
pair linkage study, while taking into account the pos-
sibility of TRD. If then adding 11% moret = .62
sib-pairs will guarantee enough power. If t is as high as
.7, then the sample size will need to be increased by one-
third, and the sample-size inﬂation increases rapidly for
values of . These inﬂation factors do not dependt 1 .7
on either the value of lXS or on the chosen type I error
or power.
Similarly, the effect of autosomal TRD on affected-
sib-pair linkage studies can be examined. Let tpat rep-
resent the probability that the grandpaternal allele at an
autosomal locus is transmitted from a father to a child,
and let tmat represent the probability that the grandpa-
ternal allele is transmitted from a mother to a child. Let
, 1, 2, be the expected proportion of affected sibz , j = 0j
pairs who share j alleles IBD. At an autosomal locus, if
, then the average sharing, , is the samet = t z  z /2pat mat 2 1
as that for the X chromosome when the putative disease
locus has no effect on risk. Let lO be the relative risk of
disease to a parent or offspring of the proband, and let
lM be the relative risk for an MZ twin. Then the allele
sharing proportions are expected to be
P(IBD = 0)
z = ,0 P(IBD = 0) l P(IBD = 1) l P(IBD = 2)O M
l P(IBD = 1)Oz = ,1 P(IBD = 0) l P(IBD = 1) l P(IBD = 2)O M
z = 1 z  z .2 0 1
Under an additive model (Risch 1990a), l  1 =M
; ﬁgure 4 shows the average sharing2(l  1) z O 2
, expected with TRD under this model. Allele shar-z /21
ing is more sensitive to TRD than in ﬁgure 1; however,
as in the X-chromosome case, the power of a study de-
sign is reduced by only a small amount when (re-t ! .7
sults not shown).
What are plausible levels of TRD in humans? Al-
though almost complete distortion ( ) has beent  .95
observed (e.g., Silver 1993) in mice and Drosophila, in
humans such extreme distortion has not been observed.
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Naumova et al. (1998) observed in CEPH fam-t = .62
ilies; Paterson and Petronis (1999) reported excess shar-
ing of 63% IBD in diabetic sister pairs at a locus that
shows excess female sharing in CEPH families (also see
Zavattari et al. 2000). Such IBD sharing would corre-
spond to if there were no linked disease locus.t ≈ .75
Modest levels of distortion can result from selection due
to meiotic drive (Pardo-Manuel de Villena et al. 2000)
rather than to embryonic lethality. If maternal meiotic
drive is the mechanism that leads to TRD, then TRD
will rarely be 75% (Pardo-Manuel de Villena et al.
2000).
In summary, if TRD exists but is ignored, the statistical
signiﬁcance of a linkage study can be substantially over-
stated (Eaves et al. 1999; Paterson and Petronis 1999).
However, TRD can be taken into consideration for sam-
ple-size calculations for sib-pair studies, and assuming
a value of will lead to only a small increase in thet ! .7
required sample size. These two conclusions may appear
to be contradictory. However, when a study is designed,
calculations will be performed for a ﬁxed value of the
relative risk, l, whereas ignoring TRD during an analysis
is equivalent to estimating an l value that is much too
large.
If the marker locus is in linkage disequilibrium with
the susceptibility locus, or if a candidate gene is being
studied, then TRD may increase or decrease the statis-
tical signiﬁcance of allele sharing. For example, Eaves
et al. (1999) showed that, in CEPH families, class III
alleles of INS-IGF2 VNTR are less often transmitted
from heterozygous class I/III parents to offspring
(44%–49% are expected to receive the class III allele).
However, offspring with polycystic ovary syndrome
(PCOS) are more likely to receive a class III allele from
a heterozygous father. The PCOS risk associated with
the INS-IGF2 VNTR was underestimated when the seg-
regation distortion was ignored.
It has been shown, in the absence of either TRD or
segregation distortion, that to initially genotype only the
affected sibs of nuclear families is the most cost-effective
strategy for sib-pair studies (Hauser et al. 1996), and
this design has become popular. Nevertheless, the as-
certainment of unaffected sibs makes it possible to test
for segregation distortion (Spielman et al. 1993). To
assess whether TRD may be a confounding factor in
disease-mapping studies, transmission patterns from
grandparents to unaffected grandchildren need to be ex-
amined. For example, if grandparents are available, then
the sib-pair sharing could be examined in subgroups
deﬁned by the grandparental origin of the alleles. It
would be worthwhile to collect three-generation families
unselected for disease, so that TRD could be evaluated
across the human genome.
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